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[1] Analysis of data acquired by the Mars Global Surveyor Thermal Emission

Spectrometer (TES) instrument led to the identification of two distinct surface
types.‘‘Surface type 1,’’ lying mostly within southern low-albedo terrain, is likely to be
composed of basalt. However, there are several competing mineralogical models for
‘‘surface type 2,’’ which is found primarily in northern low-albedo terrain. We attempt to
identify which models better agree with element concentrations determined through the
Gamma Subsystem (GS) of the Gamma Ray Spectrometer (GRS) instrument suite aboard
the Mars Odyssey spacecraft. We have binned GS data over threshold regions derived
from maps of surface types 1 and 2 and examined the spatial correlation of element
concentrations with surface type 2. The elements we have examined are Cl, Fe, H, K,
Si, and Th. Our results show that K concentration, Th concentration, and the areal
abundance of surface type 2 are strongly correlated, with significant enrichment of
both K and Th in regions representative of surface type 2. In addition, Si does not
appear to be significantly enriched in surface type 2. These results are more consistent
with surface type 2 originating from a compositionally distinct mantle source than the
aqueous alteration of basalts.
Citation: Karunatillake, S., et al. (2006), Composition of northern low-albedo regions of Mars: Insights from the Mars Odyssey
Gamma Ray Spectrometer, J. Geophys. Res., 111, E03S05, doi:10.1029/2006JE002675 [printed 112(E3), 2007].

1. Introduction
[2] Midinfrared spectra from the Mars Global Surveyor
Thermal Emission Spectrometer (TES) instrument indicated
two distinct mineralogical units concentrated respectively in
northern and southern low-albedo regions of Mars, in
addition to a pervasive surface fine component (dust)
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[Bandfield et al., 2000]. Material comprising ‘‘surface type
1’’ (ST1) is found primarily in low-albedo regions in the
southern hemisphere. TES spectra of this material, referred
to as ‘‘Syrtis type’’ spectra [Ruff, 2003; Wyatt and McSween,
2002], have been compared to the spectra of terrestrial
volcanic rocks, leading to the interpretation that ST1 is
dominated by minimally weathered basalt, although recent
investigations suggest some heterogeneity [Rogers, 2005].
[3] However, spectral comparisons with terrestrial mineral
mixtures have not yielded a unique composition for the
material concentrated within northern low-albedo regions,
collectively named ‘‘surface type 2’’ (ST2). Several candidate
mineral mixtures give equivalently good fits to portions of
these ‘‘Acidalia type’’ spectra not obscured by atmospheric
absorptions. In principle, some mineral mixtures might be
distinguished from one another by examining variability in
the 500– 800 cm 1 region, but a strong atmospheric CO2
absorption band obscures this part of the spectrum.
[4] Models for the mineralogy of ST2 that appear consistent with TES data include oxidized Shergotty-NakhlaChassigny (SNC) type basalts, silica-coated basalts, igneous
processes related to basaltic andesite, aqueous weathering
processes of basalts, and palagonitized basalt [e.g., Ruff,
2003]. Among these candidates, the basaltic andesite model
has received the most attention, in large part because of data
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from Mars Pathfinder. Pathfinder Alpha Proton X-Ray
Spectrometer (APXS) data yielded a SiO2 mass fraction,
w(SiO2), of 0.57 with an instrumental uncertainty, (sm), of
0.06 (i.e., w(SiO2) = (57 ± 6)% at 68% confidence; refer to
Mills et al. [1993] and Göbel et al. [2006] for conventions
on uncertainty, units, and symbols used throughout this
paper) for several boulders at the site [Wänke et al., 2001],
consistent with an andesitic composition. Recent analyses
of Mars Odyssey Thermal Emission Imaging System
(THEMIS) and MGS-TES spectra also suggest that evolved
high-silica lava could be an important component of ST2
materials [Christensen et al., 2005]. A large expanse of
basaltic andesite on Mars would have interesting geophysical implications, since it might imply that some form of
crustal recycling process has been at work. The weathered
basalt model is subject to some constraints as well, since Ca
montmorillonite, Na montmorillonite, and Fe smectite appear to be excluded as potential weathering products on the
basis of TES data [Ruff, 2003]. Ongoing analyses of
OMEGA data may alter some of these constraints, as
apparent in the tentative identification of nontronite that
was not evident in TES spectra [Bibring et al., 2005].
[5] In addition, ST2 terrain may have significant contributions from the ancient crust and younger volcanic
provinces. Such mixing may be due in part to late-stage,
Tharsis (and to a lesser extent, Elysium [Tanaka et al.,
2003]) -related flood inundations [Baker et al., 1991; Dohm
et al., 2001a, 2001b], which Fairén et al. [2003] hypothesized to be transient, be laden with sediments, and
postdate a more extensive Noachian-era ocean. The
post-Noachian inundations may have involved aqueous
environments significantly different from the later-stage
inundations (e.g., difference in acidity [Fairén and Dohm,
2004; Fairén et al., 2004]). Evaporites may have formed in
such environments from flood and spring-fed brines (from
leached highland crustal materials) and potentially contribute to the observed GS signature.
[6] In this paper, we attempt to establish additional
constraints on candidate models for ST2 using data from
the Gamma Subsystem (GS) of the Mars Odyssey Gamma
Ray Spectrometer (GRS). The GS uses a high-purity Ndoped germanium crystal detector. It is mounted on a 6 m
boom to reduce the background effects of g rays produced
within the spacecraft. The signal detected by the instrument
includes g radiation generated by natural radioactivity and
by neutron-nuclei interactions in the Martian surface, at
depths reaching several tens of centimeters. Consequent
ionizing events in the detector are assigned to 214 discrete
energy bins to produce spectra as counts per energy bin.
Spectral line energies allow unique identification of chemical
elements on the Martian surface, and line strengths can be
interpreted to yield elemental concentrations as mass fractions. A spectrum is generated  20 s, corresponding to 1° of
motion over the Martian surface in the near-polar orbit of the
Odyssey spacecraft. Spectra are summed together spatially
and temporally to improve counting statistics. Boynton et al.
[2004] describe the Odyssey GS in further detail.

2. Data Processing
[7] Boynton et al. [1992], W. V. Boynton et al. (Concentration of H, Si, Cl, K, Fe, and Th in the low-latitude and
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midlatitude regions of Mars, submitted to Journal of Geophysical Research, 2006; hereinafter cited as Boynton et
al., submitted manuscript, 2006), and Evans et al. [2006]
describe the processing steps applied to GS data in detail.
Generally speaking, an assumed surface composition is
scaled by the ratio of predicted and observed g ray fluxes
at the spacecraft to generate GS-determined element mass
fractions. The assumed surface composition is similar to
the mean composition of mobile components ("soil") at
the Pathfinder lander site, since a weighted mean (e.g.,
section 3) of immobile components ("rocks") and soil is
unnecessary for predictive work. The surface is modeled
as a semi-infinite homogeneous surface layer. The predicted flux incorporates corrections for atmospheric attenuation and spacecraft background as well.
[8] Throughout this paper, ‘‘rocks’’ typically refer to
material 0.1 m and larger in size (e.g., loose blocks and
exposed outcrops) that have high thermal inertia, have
abundances consistent with the Viking Infrared Thermal
Mapper (IRTM) data [e.g., Christensen, 1986; Golombek et
al., 2005], and are immobile under current eolian conditions. ‘‘Soil’’ refers to all other (unconsolidated) material
including those mobilized by wind, and encompass a variety
of regolith components identified at the five landing sites.
Typical examples are: bedform armor, clasts, concretions,
drift, dust, rocky fragments, sand, and soil [e.g., Golombek
et al., 2005; Sullivan et al., 2005; Yen et al., 2005]. While
our classification of the regolith into rocks and soil is very
broad, it suits the GS data context, with a 440 km scale
instrument footprint and upper few tens of centimeter
sampling depth (e.g., Boynton et al., submitted manuscript,
2006).
[9] As one of many intermediate processing steps, concentrations derived from g emission via neutron capture are
scaled with ‘‘capture correction factors.’’ These factors
minimize the effect of ‘‘anomalies’’ in the subsurface
neutron spectrum due to the presence of moderators, such
as H, at relatively low concentrations. Si, an element with
relatively low spatial variability, one g peak via neutron
scatter at 1779 keV, and several peaks via neutron capture
[Evans et al., 2006], was used to calculate the ‘‘capture
correction factors.’’ In essence, these factors are the ratios of
Si g flux via neutron scatter to mean flux via neutron
capture on a global grid. Several intermediate steps enhance
the rigor of these correction factors and consequent capturederived element concentrations. Key steps include simulations to account for the effect of Fe and H concentrations on
Si scatter flux, and normalization of scatter-derived Si mass
fractions to a Pathfinder mean composition at the Pathfinder
lander coordinates. When there are several g peaks for a
single element, usually a weighted average of corresponding
concentrations, including nuclear cross-section corrections,
is computed as described by Boynton et al. (submitted
manuscript, 2006).
[10] A complicating factor in the interpretation of
remotely sensed g spectra can be the presence of large
amounts of water ice, which dilute the concentrations of
other materials. In addition, H2O(s) mass fractions in excess
of  10%, as in the polar regions, can dramatically alter the
energy distribution of subsurface neutrons, substantially
changing the rate of g production in other nuclei by neutron
prompt capture and inelastic scatter processes. Homogeneity
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assumptions for the subsurface are also violated where
H2O(s) is present as a distinct layer. In order to avoid these
complications, regions corresponding to the polar H2O(s)
regime were identified and excluded from both hemispheres
using an ‘‘Hmask.’’ The Hmask, as illustrated in the work of
Boynton et al. (submitted manuscript, 2006), was defined
using the longitudinal gradient of H2O-equivalent concentrations derived from the 2223 keV H line of the g spectrum.
For the study performed here, we have summed spectra that
were acquired from June 2002 until April 2005 within the
Hmasked regions.
[11] We processed GS data in two distinct ways to
perform our study. First, we determined the mean element
concentrations in regions dominated by ST1 and ST2,
enabling a direct compositional comparison between the
two units. We selected ST1 and ST2 regions for our
summations by first applying a circular median filter to
TES-derived maps of ST1 and ST2 abundances (reported as
areal fractions) shown in Figure 1 (P. R. Christensen,
personal communication, 2003). The primary aim of the
filter was to smooth and clearly delineate the boundaries of
the two surfaces; a median filter was chosen for its strength
at removing impulse noise while preserving edges [Pitas,
2000]. Circular filter windows of 10° arc-radii were applied
simultaneously over the entire planet, replacing the value of
the pixel at the center of each window with the median of
the values within the window (Figure 2). Smoothing was
applied at 0.5°  0.5° grid resolution. The 10° arc-radius
was chosen to reflect the effective GS spatial resolution after
smoothing (Boynton et al., submitted manuscript, 2006).
[12] Next, we selected threshold values to delineate ST1
and ST2 regions on the smoothed maps. These values were
chosen with the competing goals of maximizing the areal
extent of each region and minimizing areal overlap between
the two regions. The threshold selection algorithm optimized a function of areal overlap between, and areal extent
of, the regions. The function also applied a numerical factor
to represent the importance given to minimizing overlap
over maximizing spatial extent. We first verified that
resulting mean element abundances were consistent for
several numerical factors. Since we desired to identify the
elemental differences between the two surface types without
ambiguity, we chose a factor that eliminated overlap. The
resulting thresholds were ST1 areal fractions exceeding
17%, and ST2 areal fractions exceeding 36%. The relative
change in areal extent due to the filter and thresholds was a
70% loss for ST2 and a 17% gain for ST1. As evident by
comparing Figure 2 with Figure 3, this difference is mostly
due to the narrower threshold range for ST2 (36 – 100%)
relative to ST1 (17 – 100%).
[13] We computed mean element concentrations over
threshold regions after applying the Hmask to remove any
effects of polar ice. These Hmasked regions for ST1 and
ST2 are ‘‘region type 1’’ (RT1) and ‘‘region type 2’’ (RT2),
respectively (Figure 3). We verified that areal sampling issues
from the resulting 94% relative loss in areal extent of ST2
were less detrimental than data accuracy issues of retaining
the higher latitudes (Boynton et al., submitted manuscript,
2006). At present, GS data have determined surface concentrations of Cl, Fe, H (represented as the stoichiometric
mass fraction of H2O), K, Si, and Th with sufficiently small
instrumental uncertainties. We computed mean mass frac-
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tions and instrumental uncertainties of the mean mass
fractions (sm) for these elements in the two regions using
cumulative g spectra that originated from within region
boundaries (Table 1). We also computed the ratios of mean
RT 2
element concentrations, m
mRT 1 , and propagated corresponding
sm to estimate the instrumental uncertainty of each ratio
(Figure 4).
[14] In the second form of data processing, we created
global maps of element concentrations, spatially binned at a
latitude-longitude resolution of 5°  5°. These were made
by smoothing 0.5°  0.5° processed concentration bins with
circular mean filters (5° arc-radius for K; 10° for Cl, Fe,
H2O, and Th; and 15° for Si) as described by Boynton et al.
(submitted manuscript, 2006), and by subsequently rebinning at 5°  5°. Filtering was essential to remove significant
levels of noise in initial data. Subsequent analyses of the
spatial data also involved thermophysical variable values,
such as rock abundance. Rock abundance values (reported
as areal fractions) in particular are unavailable beyond
midlatitudes. Therefore the maps were constrained by
modifying the Hmask to account for the spatial extent of
available rock abundance data [Christensen, 1986]. The
resulting ‘‘regression mask’’ (Figure 5) reflects the simultaneous constraints imposed by the spatial extent of rock
abundance data and the Hmask. With the consequent global
maps (Figure 6), we rigorously determined correlations
among various element concentrations, abundances of ST1
and ST2, and other variables of interest.
[15] Our correlation coefficient algorithm was based on
three distinct methods of linear multivariate regression analysis: least squares with heteroscedastic weighting (heteroscedastic least squares, HLS) [Cohen and Cohen, 1983;
Press, 1982; Rawlings et al., 1998]; spatial autocorrelation
(SA) [Haining, 2003; Upton and Fingleton, 1985]; and
measurement error [Press et al., 2002]. We also implemented
hierarchical modeling to eliminate redundant predictor variables and generate a limited set that would correlate significantly with the response variable. The iterative elimination of
predictor variables employed relative magnitudes of one-tail
probability values from Student’s-t and Normal distributions,
at confidence levels > 95%.
[16] We utilized partial correlation coefficients instead of
simple Pearson’s correlation coefficients, as the former
account for cross correlations among predictor variables,
while the latter do not. Consequently, partial correlation
coefficients are the unique correlations between the response variable and each predictor variable [Cohen and
Cohen, 1983], which Pearson’s correlation coefficients fail
to reveal. The variables of our regression analyses were
mean-filtered global element concentrations (Figure 6);
median-filtered ST1 and ST2 abundances (Figure 2); albedo
[Christensen, 1988]; thermal inertia [Christensen and
Malin, 1988]; and rock abundance [Christensen, 1986].
The latter three were as determined from the Viking Infrared
Thermal Mapper (IRTM) experiment. All variable values
were binned at 5°  5° and subject to the regression mask
(Figure 5) to establish spatially corresponding points across
the data sets.
[17] For each element, we used its global concentration
data (Figure 6) as response variable values. In each case, the
concentrations of the remaining elements, thermal inertia,
rock abundance, albedo, ST1 abundance, and ST2 abun-
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Figure 1. Global TES-derived Surface Type 1 (ST1) and Surface Type 2 (ST2) areal fractions (%) before median filter
application. These and all subsequent maps use Plate-Carrée (Geographic) projection and East Longitude convention,
rendered at 0.5°  0.5°. Landing coordinates of surface instruments denoted by G (Gusev: Spirit Rover), M (Meridiani:
Opportunity Rover), PF (Pathfinder), V1 (Viking 1), and V2 (Viking 2).
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Figure 2. Global ST1 and ST2 areal fractions (%) after smoothing with a 10° arc-radius median filter.
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Figure 3. Region type 1 (RT1) as defined by the 17% areal fraction threshold and region type 2 (RT2) as defined by the
36% threshold. Threshold regions are defined with the median filtered maps in Figure 2, constrained by the Hmask, and
highlighted in yellow.
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Table 1. GS Derived Mean Mass Fractions for Cl, Fe, H2OEquivalent H, K, Si, and Th in Region Type 1 and Region Type 2a
Element Mass Fractions and K/Th Ratio to 1sm
Cl
Fe
H2 O
K
Si
Th
mK
mTh

RT1

RT2

0.46 ± 0.03
13.5 ± 0.8
3.39 ± 0.20
0.3195 ± 0.0014
20.9 ± 0.3
(0.633 ± 0.023) mg/kg
(5.05 ± 0.18)  103

0.42 ± 0.04
16.0 ± 1.3
3.7 ± 0.4
0.433 ± 0.008
21.4 ± 0.7
(0.94 ± 0.05) mg/kg
(4.6 ± 0.3)  103

a
Mean mass fractions are in %, with the exception of Th. RT1, region
type 1; RT2, region type 2. Ratio of the mean K (mK) to Th (mTh) in each
region is also given. sm is the instrumental uncertainty of each value.

dance formed one initial set of predictor variables. The
thermophysical variables alone (thermal inertia, rock abundance, and albedo) constituted another set, while the elements alone formed the third. These three initial models
were necessary as the variance contributions from thermophysical variables and elements were frequently lopsided.
[18] We computed the unique spatial correlation between
the response variable and each predictor variable as the first
step. In subsequent steps of hierarchical modeling, we
selected the predictor variables that were at least an order
of magnitude more statistically significant than the rest.
Where relevant, Pearson’s correlation, SA, and HLS analyses were used separately and collectively to guide the
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selection process. Each element generally required six to
seven steps including comparisons (primarily of the variance contribution, i.e., the multiple correlation coefficient,
R2) of different predictor variable subsets to establish a final
subset of predictor variables. We used this select set as
predictor variables for a final regression analysis to yield
‘‘final’’ correlation coefficients (Table 2). The unique spatial
correlation coefficients (r) and multiple correlation coefficients (R2) in Table 2 are averages of results from HLS and
SA analyses. The ‘‘Key’’ column lists the final subset of
predictor variables for each element.
[19] Many factors can reduce the usefulness of multivariate regression. Our primary concerns were collinearity,
strong spatial autocorrelation, missing predictor variables,
and serial correlation of residuals [e.g., Rawlings et al.,
1998; Upton and Fingleton, 1985]. We investigated general
weaknesses in the model fits using spatial and scatter
plots of residuals. We also utilized quantitative tests to
verify the absence of spatial autocorrelation and hidden
variables (Moran’s-Ik test), absence of serial correlation of
residuals (Durbin-Watson test), and conformity of residuals with a normal distribution (Shapiro-Francia-W’ test)
[e.g., Rawlings et al., 1998; Upton and Fingleton, 1985].
While these indicated the presence of issues at 95 %
confidence levels, none were sufficiently severe to compromise regression results. Furthermore, collinearity,
which would have necessitated exploration of the correlational structure with principal component analysis and
Gabriel’s biplots, was not evident in our data.

Figure 4. Ratios of mean element concentrations in region type 2 (mRT2) to those in region type 1
mK;RT 2 =mTh;RT 2
RT 2
(mRT1), m
mRT 1 K/Th was computed as mK;RT 1 =MTh;RT 1 , where mK,RT2 is the mean K mass fraction in RT2;
mTh,RT2 is the mean Th mass fraction in RT2; mK,RT1 is the mean K mass fraction in RT1; and mTh,RT1 is
the mean Th mass fraction in RT1. Each 1sm error bar represents the net propagated instrumental
uncertainty of the mean value ratio.
7 of 16
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Figure 5. Regression Mask: a modification of the Hmask to exclude regions without rock abundance
data. Excluded areas are darkened.
[20] Even though RT1 and RT2 appear mineralogically
distinct, in the context of eolian and other processes that
modify the surface of Mars, they each contain mixtures of
rock and soil regolith. Therefore, as a supplement to our
region analysis, we also analyzed element concentrations
within areas of lower soil areal fractions and those of higher
soil areal fractions in nonpolar regions of Mars as identified
by the Hmask. These region categories were qualitatively
defined by collectively considering rock [Christensen,

1986], ST1, and ST2 (Figure 2) abundances. The resulting
mean element concentrations are listed in Table 3.

3. Results
[21] An important result of our analysis is that RT2 is
enriched in K and Th by more than 30% relative to RT1
(Figure 4). Interestingly, the mean K to mean Th ratios, mmThK ,
for RT2 and RT1 overlap within propagated uncertainties of

Figure 6. Global element mass fractions (% with the exception of Th) subject to the regression mask.
Th mass fraction as. The striking spatial correlation of K and Th also relates strongly to ST2 areal
fractions (Figure 2). These and other key spatial correlations, evaluated at 5°  5° grid resolution, are
quantified in Table 2.
8 of 16
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Table 2. Unique Spatial Correlation of Each Element With Each Member of the Set of Most Significant
Predictor Variables From Among Potential Predictorsa
Element

Entire

Key

r

Cl

R2
0.4

H
Fe
K
Si
Th
albedo
rock abundance
ST1 abundance
ST2 abundance
thermal inertia

H
Si

0.2
0.2

Fe

0.3
Cl
H
K
Si
Th
albedo
rock abundance
ST1 abundance
ST2 abundance
thermal inertia

Si

ST1 abundance

0.3

0.3

H

0.2
Cl
Fe
K
Si
Th
albedo
rock abundance
ST1 abundance
ST2 abundance
thermal inertia

Cl

0.3

K

0.6
Cl
Fe
H
Si
Th
albedo
rock abundance
ST1 abundance
ST2 abundance
thermal inertia

Th

0.5

ST1 abundance
ST2 abundance

0.2
0.2

Cl
Fe

0.3
0.3

ST2 abundance
thermal inertia

0.2
0.2

Si

0.5
Cl
Fe
H
K
Th
albedo
rock abundance
ST1 abundance
ST2 abundance
thermal inertia

Th

0.6
Cl
Fe
H
K
Si
albedo
rock abundance
ST1 abundance
ST2 abundance
thermal inertia

K

0.5

ST1 abundance
ST2 abundance

0.1
0.2

a
Notes: r, spatial correlation. ‘‘Key’’ denotes each member of the set of most significant predictor variables from among
potential predictors (‘‘Entire’’). r is statistically significant in excess of 95% confidence. R2 is the multiple correlation
coefficient. Both r and R2 are averages of HLS and SA analyses. Refer to text for analysis methods, selection of predictor
variables, and significance of unique correlations.
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Table 3. Mean Mass Fractions in Lower Soil Abundance and
Higher Soil Abundance Regions in the Midlatitudesa
Cl
Fe
H2 O
K
Si
Th

Combined NR

Combined R

0.58 ± 0.04
14.2 ± 0.8
4.5 ± 0.3
0.3146 ± 0.0021
19.9 ± 0.3
(0.64 ± 0.03) mg/kg

0.45 ± 0.03
14.1 ± 0.8
3.22 ± 0.2
0.3319 ± 0.0022
21.2 ± 0.3
(0.67 ± 0.03) mg/kg

a
Mean mass fractions are in %, with the exception of Th. R, lower soil
abundance region; NR, higher soil abundance region. Uncertainty is given
to 1sm, the instrumental uncertainty of the mean.

the mean values. We may complement this direct compositional comparison with results from our multivariate regression analyses (Table 2). Among the most striking is that the
spatial distribution of K correlates at the highest statistical
significance levels with only Th concentration (unique
correlation, r = 0.5), ST2 abundance (r = 0.2), and ST1
abundance (r = 0.2). Similarly, the statistically most
significant variables for the spatial distribution of Th are
K (r = 0.5), ST2 (r = 0.2), and ST1 (r = 0.1). Furthermore,
the fractional variance of Th and K accounted for by each
‘‘statistically best’’ set of predictor variables is nearly 60%.
This is significantly higher than the 20– 50% range for other
elements, and suggestive of a more limited set of dominant
geochemical processes leading to the current spatial distribution of K and Th. Figures 2 and 6 visually reinforce these
results.
[22] Comparison of GS data with landing site compositions is subject to severe spatial resolution concerns. However, as discussed in section 4.3, relative to other landing
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sites the Pathfinder landing site is subject to such issues the
least. Therefore we computed a mean elemental composition of the Pathfinder landing site for comparison with RT2.
This employed a weighted mean of Pathfinder Sojourner’s
APXS element mass fraction results for ‘‘dust-free-rock’’
and soil material [Wänke et al., 2001]. Weighting was
achieved with an IRTM-modeled rock areal fraction of
13% and Viking Mission regolith density observations to
reflect the surface properties of the Pathfinder site. We also
accounted for the possibility of a hydrated soil component.
Since APXS measurements were not sensitive to H [Rieder
et al., 2003], we propagated the GS-derived w(H2O) of
(3.0 ± 0.5)% at the lander coordinates as an estimate of the
H concentration in soil. As a final step, mass fraction
contributions of the regolith components were estimated
with density [Moore and Keller, 1991] and areal fraction
[Christensen, 1986; Moore and Keller, 1991] data for rocks
and soil from the Viking Mission and the modeled 13%
rock areal fraction. S. Karunatillake et al. (Martian mean in
situ compositions for remote comparisons, submitted to
Journal of Geophysical Research, 2006; hereinafter cited
as Karunatillake et al., submitted manuscript, 2006) describe the lander mean composition estimation in more
detail. The resulting mean compositions for elements of
interest at the Pathfinder landing site are compared with
RT2 values in Figure 7.

4. Interpretation
[23] Important instrumental limitations must be kept in
mind in reaching conclusions with our results. In particular,

Figure 7. Comparison of Pathfinder and region type 2 (RT2) mean compositions. Both H2O mass
fractions are GS estimates. Fe, Cl, and K mass fractions are the only values for which Pathfinder, and GS
estimations are mutually independent. Error bars are shown to 1sm (instrumental uncertainty of the mean).
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we did not investigate depth scale processes on Mars since
GS data are limited to upper few tens of centimeter depths
(Boynton et al., submitted manuscript, 2006). Many Martian
geomorphic features originate from much deeper processes,
including the Vastitas Borealis formation [Greeley and
Guest, 1987; Scott and Tanaka, 1986; Tanaka et al., 1992,
2003, 2005] that shows significant spatial overlap with RT2.
This formation could potentially consist of a low percentage
of extremely ancient crustal rocks mixed with dominant
basaltic material from relatively younger volcanic provinces, which include Tharsis [Scott and Tanaka, 1986] and
Elysium [Greeley and Guest, 1987; Tanaka et al., 1992].
[24] One factor that must be considered when interpreting
any observed spatial variability in element concentrations
on Mars is that the Martian surface is a mix of rock and soil
of differing compositions [e.g., Yen et al., 2005]. These
differences are evident in our analysis involving the midlatitudes of Mars classified into regions as R (lower areal
fraction of soil) and NR (higher areal fraction of soil)
(Table 3). Physical processes like impact gardening and
wind transport that vary the soil/rock ratio could account for
variations in bulk elemental composition. Our regression
analyses test this idea by the use of albedo, thermal inertia,
and rock abundance as predictor variables. All of these
physical variables might reasonably be expected to vary
with the soil/rock abundance ratio over the depth range
relevant to the GS.
[25] However, as revealed in Table 2, these are not key
predictor variables for most of the elements, including K
and Th, indicating that variations in composition are not
strongly coupled with variations in the soil/rock ratio. Soil
is areally dominant on Mars, as evident in the IRTM 5°  5°
data set mean global soil/rock ratio of 10 and in case
studies by H. E. Newsom et al. (Geochemistry of Martian
soil and bedrock in mantled and less mantled terrains with
gamma ray data from Mars Odyssey, submitted to Journal
of Geophysical Research, 2006; hereinafter cited as
Newsom et al., submitted manuscript, 2006). Should soil
be globally homogeneous, dilution effects could then mask
the compositional variability due to rocks. This is unlikely,
since, as evident in both our multivariate correlation analyses and ST1 and ST2 abundance variability, regolith
elemental and mineralogical compositions both meaningfully vary across the planet.
[26] Furthermore, significant compositional variability is
evident even among regions potentially dominated by soil
(e.g., Newsom et al., submitted manuscript, 2006) while in
situ observations suggest that soil may be compositionally
much less variable than rocks [e.g., Yen et al., 2005]. This
reinforces the possibility that while physical processes may
vary the relative areal fractions of rocks and soil, geochemical processes determine compositional variability, such as
the strong covariance among K, Th, ST1, and ST2. Therefore we conclude that a suitable model for ST2 must explain
K and Th enrichment relative to the basalts of ST1 on the
basis of rock composition rather than variations in soil/rock
ratio. Due to the significant mixing depths by eolian and
other physical processes in the Martian surface over geologic time scales, the relative difference between GS and
TES observation depths should not affect our inferences.
[27] Among the models for ST2 mentioned in section 1,
the leading candidates are basalts altered by aqueous pro-
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cesses [Wyatt and McSween, 2002] and unaltered basaltic
andesite [Bandfield et al., 2000]. We discuss each possibility below. We do not include Cl and H in our interpretation,
since the former is affected by the presence of subsurface
ice and an unknown amount of bound water, while the latter
may be influenced by the mobile component of the regolith
[Keller et al., 2006].
4.1. Alteration by Water
[28] Fresh basaltic lavas may be altered by subaerial
weathering and by subaqueous water-rock reactions. A
subaqueous weathered basalt model for ST2 [Wyatt and
McSween, 2002] may be consistent with K enrichment if the
water chemistry were similar to terrestrial ocean water. The
elemental concentration changes that occur during submarine basalt weathering on Earth are driven by the elemental
composition of seafloor basalt, chemical composition and
pH of water, temperature, and water/rock volume ratio.
Ocean water is rich in K ( 400 mg/kg [Drever, 1997])
and severely depleted in Th (<0.5 ng/kg), leading to very
high K/Th in ocean water (>8  108) compared to K/Th in
the continental crust (2600 [Taylor and McLennan, 1985]).
[29] The large increase in K/Th in ocean water is not
caused simply by dissolution of high-K continental rocks
because continental rocks are also enriched in Th. Instead, it
is due to the higher solubility of K compared to Th in
approximately neutral water. Dissolution of typical Martian
crust would still lead to high K/Th in Martian surface water.
If the water/rock ratio were high, the ambient temperature
were low (< 150 °C), and the subaqueous environment were
chemically similar to terrestrial oceans (high K/Th), alteration in the northern plains may resemble that in terrestrial
seafloors. Such alteration would enrich the rocks in K [e.g.,
Honnorez, 1981], while the Th content would remain
unaffected, as shown by studies of altered Mid-Ocean Ridge
Basalt (MORB) [Jochum and Verma, 1996; Staudigel et al.,
1996]. For example, Staudigel et al. [1996] show that K/Th
in altered basalt is 3 to 90 times greater than in typical
unaltered MORB. Therefore the concentration of K, decoupling of K and Th distributions, and the K/Th ratio are good
markers for submarine alteration.
[30] Our data indicate a 30 % higher mass fraction of K in
RT2 compared to RT1, but the K/Th ratio is indistinguishable in the two regions (Table 1; Figure 4). The clear
coupling of K and Th distributions with each other and
ST2, as evident in our regression analyses (Table 2),
reinforces these results. In contrast, if chemical conditions
in a Martian sea were comparable to those in terrestrial
oceans, we would have expected a decoupling of K and Th
distributions along with a strong enhancement in the K/Th
ratio. The absence of either scenario suggests that submarine aqueous alteration of basalt, at least under terrestrial
submarine chemical and thermal analogs, is unlikely to
explain the difference between ST1 and ST2.
[31] On the other hand, subaerial aqueous alteration under
approximately neutral conditions (pH of 5 – 8, normal for
terrestrial weathering) would lead to different composition
expectations. Studies of terrestrial weathering profiles show
that K is mobile while Th, because of the low solubility of
Th complexes, is relatively immobile, although it can be
carried away as colloids [e.g., Daux et al., 1994; Nesbitt and
Markovics, 1997; Nesbitt and Wilson, 1992; Patino et al.,
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2003]. For example, Nesbitt and Wilson [1992] show that
K/Th varies from about 2300 in the least weathered basaltic
rock to less than 100 in the most weathered. If ST2 were a
result of normal weathering, one would expect that K would
be preferentially removed and that K/Th would be lower
than elsewhere on Mars. This is not observed, although it is
possible that K redistribution was local on a scale much
smaller than the GS spatial resolution, and consequently
undetectable.
[32] Furthermore, common Earth analogs may not provide
the best guide to alteration processes on Mars. Analyses of
MER data and corresponding laboratory simulations suggest
that the outcrops in at least 2  105 km2 [Christensen and
Ruff, 2004] of Meridiani, and rocks within the 150 km
diameter Gusev Crater may have formed under acidic geochemical conditions rare on earth [e.g., Clark et al., 2005;
Hurowitz et al., 2006; McLennan et al., 2005; Tosca et al.,
2005]. The fluid that evaporated to produce the Meridiani
outcrops was likely dominated by aqueous Fe2+, Mg2+,
SiO2, SO24 , and Ca2+ at low pH [Tosca et al., 2005]. This
fluid chemistry, a result of basaltic mineral dissolution in
H2SO4 and HCl acid rich waters [e.g., Rieder et al., 2004],
contrasts with typical terrestrial weathering regimes at pH
of 5 – 8. As a consequence, unlike in terrestrial evaporite
formation, Na and K ions may not play a dominant role in
Martian evaporite formation.
[33] Under acidic conditions, as described by Taylor et al.
[2006a], both Th solubility and the dissolution rate of
phosphate minerals, a major host for Th, increase, fractionating K from Th. Unpublished experiments by G. Dreibus
show that at pH of 3 to 4 solutions in contact with crushed
samples of the Zagami shergottite have K/Th of 181 (versus
3160 in fresh Zagami) after 14 hours of reaction time. The
altered Zagami residue had K/Th of 104. This leaching of
Th was probably caused by a combination of rapid dissolution of merrillite, the main carrier of Th in Zagami, and
enhanced solubility of Th at low pH. In contrast, K is
concentrated partly in residual Si-rich glass and in plagioclase, both of which dissolve slower than does merrillite
(see summary by Taylor et al. [2006a]).
[34] Therefore, if most rocks on Mars have similar host
minerals for K and Th as found in SNC meteorites, K/Th
might decrease by weathering at low pH more effectively
than it would increase by weathering under neutral conditions. We do not know if the K and Th carriers in the
Martian crust are like those in SNC meteorites. However,
Mars appears to be enriched in moderately volatile elements
[Dreibus et al., 1996], elevating the modal abundances of
phosphate minerals by a few percent and increasing the
likelihood for the bulk of the Th to reside in phosphate
minerals. The high K/Th ratio on Mars compared to Earth
[Taylor et al., 2006b] demonstrates the enrichment of
moderately volatile elements. The slight enrichment of Fe
in RT2 (Figure 4), though essentially inconclusive within
1sm (propagated instrumental uncertainty of the mean value
ratio) error bars, is consistent with low pH evaporite
processes at Meridiani. Nevertheless, terrestrial submarine,
neutral-pH subaerial, low-pH subaerial, and low-pH SNC
alteration analogs all suggest that aqueous alteration under a
range of physical conditions and time is likely to fractionate
K from Th, which we do not observe.
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[35] Alternatively, the weathering profile may have been
homogenized by impact gardening [Hartmann et al., 2001].
Nevertheless, as seen in Figure 4, the similarity of K/Th in
RT2 to the value in RT1 (and to the average crustal value
[Taylor et al., 2006b]) as well as their striking spatial
correlation (Table 2) suggests that weathering under conditions that lead to the fractionation of K from Th did not
cause the apparent difference between the two surface types.
Other weathering models such as silica-coated basalt and
oxidized basalt [McLennan, 2003; Minitti et al., 2002] do
not account in any simple way for the enrichment of K in
RT2.
4.2. Igneous Processes
[36] Remaining models for ST2 composition, such as
basaltic andesite, also suffer from disparities between the
expected and observed behavior of elements. Terrestrial
basaltic andesites and basalts are distinguished primarily
on the basis of Si concentration. The concentration of K can
be higher for some basaltic andesites than basalts, but these
two rock types generally overlap in K concentration. However, the statistically significant K enrichment we observe
does not immediately exclude a basaltic model for ST2.
[37] One igneous mechanism that could enrich K and Th
in ST2 is fractional crystallization of basaltic magma
[Minitti and Rutherford, 2000]. However, our absolute Si
measurements are tied to Pathfinder measurements, so we
cannot meaningfully determine whether ST2 is andesitic on
the basis of GS-derived Si concentration (Boynton et al.,
submitted manuscript, 2006). This is reinforced by the
disparity between TES-derived SiO2 mass fractions for
ST1 and ST2 of  53 % and  57 % [McSween et al.,
2003], respectively, and GS-derived mean Si content
(Table 1; Figure 7) corresponding to SiO2 mass fractions
of 44.7 ± 0.6% for RT1 and 45.8 ± 1.4% (uncertainty
quoted as instrumental uncertainty of the mean, 1sm) for
RT2. While these absolute value differences may in part be
a consequence of the dramatic sampling depth difference
between the TES and GS, evidence for Si enrichment in
RT2 is inconclusive within 1sm error bars (Figure 4). In light
of these issues, in spite of the similarity of K and Th content
in RT1 to the global average [Taylor et al., 2006b], we
cannot utilize an RT1 composition as proxy to the parent
magma of ST2. Without a presumed source composition, it
is unfeasible to test the possibility of fractional crystallization with our data.
[38] Citing geological and geophysical evidence, several
authors have suggested that plate tectonics [Connerney et
al., 1999; Nimmo and Stevenson, 2000; Sleep, 1994] may
have occurred during an extremely ancient phase of the
evolution of Mars [Baker et al., 2002; Fairén et al., 2002,
2004]. Could ST2 be a calc-alkaline magma formed by
subduction? Our data seem inconsistent with plate tectonics
involving subducting slabs rich in fluids and hydrously
altered basaltic rocks as they are on Earth. First and
foremost, as discussed above, we do not see strong evidence
for Si enrichment in ST2 (Figure 4). Since the Pathfinder
normalization is a constant factor across the global Si data
set, GS estimates of relative variation (e.g., enrichment) in
Si content are rigorous, while estimates of absolute Si
content are not. As a result, we cannot meaningfully
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evaluate processes that require accurate knowledge of
absolute Si content.
[39] The chief characteristic of subduction zone magmatism on Earth is the formation of calc-alkaline magmas by
hydrous partial melting of the mantle wedge above the wet
subducting oceanic slab. Initial melts tend to be basaltic,
with basaltic andesite and andesite forming by fractional
crystallization of the basaltic magma, accompanied by
assimilation of the overlying silicic continental crust [Grove
et al., 2002, 2003; Hawkesworth et al., 1997; Rudnick,
1995; Stolper and Newman, 1994]. McSween et al. [2003]
also provide a concise summary of the compositions and
origin of calc-alkaline magmas. Major elements seem to be
contributed by hydrous partial melting of the mantle wedge,
whereas trace elements appear to come dominantly from the
slab [e.g., Grove et al., 2002].
[40] Most important, the fluid fractionates the trace elements. K is distinctively enriched in the fluid from the
water-rich oceanic slab. Many arc magmas are consequently
enriched in K. Th appears less soluble in the fluid phase,
so K/Th would be high [Hawkesworth et al., 1997]. In
spite of some evidence for the mobility of Th and its
accumulation in the fluid phase [Brenan et al., 1995],
Hawkesworth et al. [1997] convincingly argue that the
way Th forms complexes in aqueous solutions prevents it
from concentrating in the fluids rising from the slab. Thus,
if a similar process operated on Mars, we might be able to
detect it by anomalously high K content and high K/Th.
On Earth, in spite of some variability, many arc magmas
have K/Th ranging from two to five times the bulk silicate
Earth value of 2900 [Taylor and McLennan, 1985]. RT2 is
enriched in K (Figure 4), but its K/Th ratio (Table 1) is
typical for the Martian surface [Taylor et al., 2006a,
2006b]. Therefore decisive evidence for areally (not necessarily volumetrically) widespread formation of calc-alkaline
andesite is lacking within ST2. Should ST2 material
contain calc-alkaline andesites, it would probably be at
spatial scales less than the GS’s 440 km diameter footprint
[Boynton et al., 2004].
[41] An alternative to both localized fractional crystallization and plate subduction mechanisms is initial bulk
differentiation processes on Mars producing compositionally
distinct magma source regions in the mantle. If that were
true, and present crustal dichotomy generally follows the
source regions, northern and southern basaltic provinces of
distinct trace element compositions, including K and Th,
could be produced. Differences in isotopic and trace
element abundances, as well as oxygen fugacities in
SNC meteorites are consistent with distinct source magmas
[e.g., Borg and Draper, 2003; Borg et al., 2003; Herd,
2003]. The wide range in Nd suggests that these sources
remained separate at least until the magmatic production of
SNC material [e.g., Brandon et al., 2000; Borg et al., 2003].
[42] In addition, simulations of whole-mantle magma
oceans, i.e., those in excess of 1500 km depths, on early
Mars predict differentiation of the mantle into lateral components with distinct compositions. In these magma oceans,
the cumulate vertical density profiles invariably become
nonmonotonic, leading to compositional differences. Such
density profiles precipitate mantle overturn to yield the
laterally heterogeneous compositions [e.g., Elkins-Tanton
et al., 2005b]. Furthermore, among many simulations in-

E03S05

volving magma oceans with varying depth on early Mars,
only those with whole mantle magma oceans yield crustal
composition predictions consistent with surface and orbital
data [Elkins-Tanton et al., 2005a]. Even though current
simulations also predict differences in Si content [ElkinsTanton et al., 2005a], which we do not observe, the
difference in K and Th content between RT2 and RT1 is
generally consistent with whole mantle magma ocean models. Magma ocean crystallization and overturn would not
significantly fractionate K from Th because both elements
are incompatible [Borg and Draper, 2003], consistent with
the uniformity in K/Th between ST1 and ST2. The extent of
enrichment in Si (if any), K, and Th depends on a complex
interplay of the bulk composition of each mantle source that
gave rise to ST1 and ST2, its mineralogy, and amount of
partial melting. The magma ocean modeling is in general
consistent with the idea that ST1 and ST2 are derived from
compositionally distinct mantle sources.
4.3. Pathfinder Comparison
[43] The Mars Pathfinder rocks have compositions consistent with basaltic andesite [e.g., Wänke et al., 2001]. With
TES-derived ST1 and ST2 areal abundances of 13% and
21%, respectively, the Mars Pathfinder landing site is only a
few degrees southwest of our RT2 boundary. Given the
spatial proximity, it may be useful to compare the GSderived composition of RT2 with APXS-derived Pathfinder
landing site composition as ground truth. Any comparison
must keep in mind that the footprint diameter of the GS is 
440 km [Boynton et al., 2004] while the Pathfinder APXS
examined ‘‘dusty’’ surfaces only a few cm in diameter
within an  100 m2 region [Golombek et al., 1997].
[44] In contrast, the MERs have traversed km scale
distances, returned comprehensive compositional information, and sampled both rocks and soil at depth with the Rock
Abration Tool (RAT) and wheel trenching, respectively.
However, MER landing ellipses and associated regions
are much more geologically heterogeneous than the Pathfinder site [e.g., Golombek et al., 1997, 2003]. Furthermore,
in situ measurements indicate much greater compositional
variability within both MER landing ellipses than was seen
at the Pathfinder location. In the context of GS’s 440 km
scale coarse spatial resolution, these issues make Pathfinder
composition estimates much more useful for remote versus
in situ comparisons. Karunatillake et al. (submitted manuscript, 2006) discuss and compare the GS and lander/rover
measurements in detail.
[45] Given the enormous difference in effective spatial
resolution, GS-derived element concentrations for RT2
should correspond to some weighted average of the compositions of Pathfinder rock, Pathfinder soil, and probably
other materials as well. Such a composition was estimated
as summarily described in section 3 and in detail by
Karunatillake et al. (submitted manuscript, 2006). Furthermore, since GS-derived Si concentration was normalized to
a Pathfinder mean value (Boynton et al., submitted manuscript, 2006; Karunatillake et al., submitted manuscript,
2006) at the lander coordinates, comparisons are meaningful
only for Cl, Fe, and K. As evident in Figure 7, the mean
concentration of K at the Pathfinder landing site exceeds the
GS-derived K concentration for RT2. This may indicate that
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rock surface compositions at the Pathfinder landing site are
not representative of the bulk of ST2.

5. Conclusions and Future Work
[46] Our investigation relied on elemental concentrations
derived from Mars Odyssey GS data along with synergistic
use of information from a variety of instruments such as
MER, Pathfinder Sojourner APXS, MGS-TES, Viking
Landers, and Viking IRTM, to evaluate geologic models
for the origin of ST2. A key result is that K, Th, ST1, and
ST2 are the most spatially correlated variables among these
data sets. Consistent with this observation is the significant
enrichment of K and Th in ST2, along with a K/Th ratio that
is similar to the bulk planet. These observations collectively
suggest that ST2 materials may be characterized by geochemical processes that enrich both K and Th, but not by
those that fractionate K from Th. Both TES mineral library
fits and Pathfinder APXS estimation of Si content suggest
that ST2 is Si-enriched. However, GS data do not reveal a
meaningful enrichment of Si in ST2 relative to ST1, and
suggest that ST1 and ST2 may instead be distinct on the
basis of K and Th content.
[47] Silica coated basalt and oxidized basalt models do
not explain the enrichment of K and Th in ST2, and the
former is inconsistent with the similarity in Si content
between ST1 and ST2. In addition, the behaviors of K
and Th do not suggest typical terrestrial subaerial aqueous
alteration. Given the similarity of K and Th spatial distributions, a Martian analog of terrestrial submarine aqueous
alteration or alteration by low-pH fluids enriched with
basaltic minerals is also unlikely as the dominant process
that produced ST2. Instead, igneous environments, such as
compositionally distinct magma sources, may have produced the differences between ST1 and ST2. However,
we do not observe compelling evidence for analogs of
terrestrial plate tectonics.
[48] Relative weakness of g spectral intensities at spatial
resolutions finer than 5 °  5 ° and the  440 km diameter
GS footprint (Boynton et al., submitted manuscript, 2006)
preclude mean element concentration calculations for ST1
and ST2 on a bin-by-bin basis. This necessitated the 17 %
and 36 % thresholds that we employ. Since threshold regions
exclude nearly 70% of the original ST2 areal extent, they
may conceal some compositional features of ST1 and ST2.
However, by exclusively employing regions free of overlap
between ST1 and ST2, we have ensured that the elemental
distributions we observe enable unambiguous comparisons
between the two surface types. Furthermore, our methods
provide consistent results for different thresholds, minimize
statistical error that would have otherwise prevented meaningful comparisons, and are consistent with multivariate
regression analyses in the absence of thresholds. As such,
we are confident that our conclusions reflect the best
available data from the Mars Odyssey GS instrumentation.
[49] At present, we are compelled to restrict our analyses
to the midlatitudes primarily due to the difficulty of accurately modeling heterogeneities in the distribution of hydrogen with depth. Modeling g spectra to account for the
physical mixing scale of different materials [Squyres and
Evans, 1992], as well as employing layered-regolith models
of differing compositions may complement our current
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approach to elemental concentration calculations. That
may in turn allow us to make a more exhaustive comparison
between ST1 and ST2 by including higher latitudes where
ST2 dominates (compare Figure 2 with Figure 3). Future
improvements to element mass fraction estimation methods
may provide useable data for significant elements such as
Ca, S, and U at 5 ° 5 ° grid resolution. In addition, current
ambiguities in Si and Fe differences between ST1 and ST2
may be reduced or eliminated, enabling better determination
of compatible igneous models. Additional insight into the
geochemical properties of ST1 and ST2 may be gleaned
by analyzing the extensive area of overlap between ST1
and ST2 as well. Occurring primarily in the 23 ° to
45° latitudes with moderate to low areal fraction (<36 %)
of ST2 and moderate to high areal fraction (>25 %) of
ST1, this area has the added benefit of freedom from the
polar H2O ice regimes.
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